There is increasing evidence from the developed world that air pollution is significantly related to residents' depressive symptoms; however, the existence of such a relationship in developing countries such as China is still unclear. Furthermore, although neighbourhood social capital is beneficial for health, whether it is a protective factor in the relationship between health and environment pollution remains unclear. Consequently, we examined the effects of cities' PM 2.5 concentrations on residents' depressive symptoms and the moderating effects of neighbourhood social capital, using data from the 2016 wave of China Labourforce Dynamics Survey and the real-time remote inquiry website of Airborne Fine Particulate Matter and Air Quality Index. Results showed that PM 2.5 concentrations and neighbourhood social capital may increase and decrease respondents' depressive symptoms, respectively. Notably, neighbourhood social capital decreased the negative effect of PM 2.5 concentrations on respondents' depressive symptoms. These analyses contributed to the understanding of the effect of air pollution on mental health in China and confirmed that neighbourhood social capital were protective factors in the relationship between health and environment hazards.
Introduction
Depressive symptoms are a fundamental problem globally and are considered one of the most severe mental health problems [1] . As of 2010, depressive disorder was the 11th leading cause of disability-adjusted life years globally [2] . Depression is not only associated with physical illnesses like cardiovascular problems [3, 4] , decreased quality of life [5] , and decreased work productivity [6, 7] , but also increases the mortality and suicide rate [3, 4] . Data from the China Health and Retirement Longitudinal Study showed that the rate of depression among the elderly in China reached 31.2% in 2013 [8] . Therefore, depression has become a notable problem in China. Most previous research has indicated that depressive symptoms are significantly related to socioeconomic status and health-related behaviour [2] [3] [4] [5] . For example, people with higher educational attainment and household income are less likely to suffer from depression than those who are less affluent and educated [2] [3] [4] [5] . Similarly, people who drink alcohol or smoke frequently and engage in fewer physical activities are more likely to suffer from depression than those who refrain from drinking, smoking and regularly exercise [2] [3] [4] [5] .
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in China; and, second, it provides a deeper understanding of the protective function of neighbourhood social capital for mental health. The conceptual model is presented in Figure 1 . Based on the conceptual model and the review of existing literature, we propose the following hypotheses:
Hypothesis 1. Residents who live in cities with higher levels of air pollution are more likely to have higher levels of depressive symptoms compared to residents in other cities.

Hypothesis 2. Residents who live in neighbourhood with higher neighbourhood social capital are likely to have lower levels of depressive symptoms than residents who live in neighbourhood with lower social capital.
Hypothesis 3. Neighbourhood social capital weakens the negative effect of air pollution on residents' depressive symptoms.
Data and Methods
Data
The CLDS 2016 conducted by the Centre for Social Science Survey of Sun Yat-sen University [39] was the primary source of the data. Respondents from this survey were chosen by using a probability proportional to size sampling technique. First, 158 prefecture-level divisions from 29 provinces were randomly selected. Second, 401 neighbourhoods were randomly chosen from the prefecture-level divisions. In China, neighbourhoods refer to basic administrative divisions nested within prefectures (prefecture-level division means the second-level administrative divisions). Overall, 20,861 individuals nested within 401 neighbourhoods nested within 158 prefectures were included in the final dataset.
Average annual PM2.5 concentrations of each prefecture were acquired from a real-time remote inquiry website-Airborne Fine Particulate Matter and Air Quality Index [40] -which provides a quantitative hourly index of air pollutants such as AQI, CO, NO2, SO2, O3, PM10, and PM2.5. By calling the API of the website, the AQI observation data from January to December 2015 in 1613 monitoring stations were collected and cleaned. However, there was a lot of missing data and noise in the observation data. Therefore, a Kalman filter was used for the optimal estimate of PM2.5 observation values [41] . A Kalman filter is a time-domain filtering algorithm,which can obtain the optimal estimation of the next moment based on the state of the system and the observation value at the next moment [42] . Another problem was that the recorded data had neither longitude nor latitude information, which may make it difficult to represent spatial variation. To map the data into a geographical space, geocoding was used to associate the observation data with spatial coordinates. Figure 2a shows the locations of 1613 monitoring stations in China in 373 cities. Further, the ordinary kriging interpolation method was used to generate a continuous raster surface (pixel size = 500 m), and zonal statistics was applied to extract the mean concentrations of PM2.5 in each prefecture. Figure   Figure 1 . Conceptual model of the moderating relationship of neighbourhood social capital on the relationship between air pollution and depressive symptoms.
Based on the conceptual model and the review of existing literature, we propose the following hypotheses: Hypothesis 1. Residents who live in cities with higher levels of air pollution are more likely to have higher levels of depressive symptoms compared to residents in other cities.
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Residents who live in neighbourhood with higher neighbourhood social capital are likely to have lower levels of depressive symptoms than residents who live in neighbourhood with lower social capital.
Hypothesis 3.
Neighbourhood social capital weakens the negative effect of air pollution on residents' depressive symptoms.
Data and Methods
Data
Average annual PM 2.5 concentrations of each prefecture were acquired from a real-time remote inquiry website-Airborne Fine Particulate Matter and Air Quality Index [40] -which provides a quantitative hourly index of air pollutants such as AQI, CO, NO 2 , SO 2 , O 3 , PM 10 , and PM 2.5 . By calling the API of the website, the AQI observation data from January to December 2015 in 1613 monitoring stations were collected and cleaned. However, there was a lot of missing data and noise in the observation data. Therefore, a Kalman filter was used for the optimal estimate of PM 2.5 observation values [41] . A Kalman filter is a time-domain filtering algorithm, which can obtain the optimal estimation of the next moment based on the state of the system and the observation value at the next moment [42] . Another problem was that the recorded data had neither longitude nor latitude information, which may make it difficult to represent spatial variation. To map the data into a geographical space, geocoding was used to associate the observation data with spatial coordinates. Figure 2a shows the locations of 1613 monitoring stations in China in 373 cities. Further, the ordinary kriging interpolation method was used to generate a continuous raster surface (pixel size = 500 m), and zonal statistics was applied to extract the mean concentrations of PM2.5 in each prefecture. Figure 2b shows the spatial interpolation of the average PM 2.5 concentration in 2015, which was obtained by applying the Kriging method to the ground-based observations average in 2015. 
Variables
The Center for Epidemiologic Studies Depression scale (CES-D) was used to calculate depressive symptoms, which has been widely used in previous studies [1] . The CES-D has a Cronbach's alpha value of 0.95. Independent variables included PM2.5 concentrations and social capital indicators. Following existing studies ,the average annual PM2.5 concentrations of each prefecture were used to measure the severity of air pollution in cities in 2015 [11, 12] .
Based on the indicators used in previous studies ,three main social capital indicators (i.e social trust, social reciprocity, and social group membership) were included [28] . These three social capital indicators were measured based on variables included in the questionnaire (Part six: Social participation and support) that was collected in CLDS 2016. The question 'Would you say most people can be trusted?' was used to measure respondents' perceptions of social trust. The response 'Neighbours are extremely/very trustworthy' was defined as high social trust. The question 'Would you say most of the time people try to be helpful?' was used to assess respondents' perceptions of social reciprocity. The response 'Neighbours always/often help each other' was defined as high social reciprocity. Lastly, respondents were asked about membership in a various kind of voluntary groups. Following existing studies,the percentage of respondents being high trust and high reciprocity within each neighbourhood were calculated and defined as aggregated neighbourhood social trust and aggregated neighbourhood social reciprocity [22] . Furthermore, the average number of types of voluntary groups within each neighbourhood was calculated and defined as aggregated neighbourhood social group membership.
Lastly, we controlled for a series of individual-level and neighbourhood-level variables including: gender (dichotomous variable), age (continuous variable), marital status (categorical variables), educational attainment (categorical variables), employment status (dichotomous variable), hukou status (dichotomous variable), living area (dichotomous variable), smoking history (dichotomous variable), drinking history (dichotomous variable), medical insurance status (dichotomous variable), physical status (dichotomous variable), weekly physical exercise time (continuous variable), annual household incomes per capita (continuous variable), and annual neighbourhood incomes per capita (continuous variable). Table 1 shows the summary statistics of variables in the regression models. 
The Center for Epidemiologic Studies Depression scale (CES-D) was used to calculate depressive symptoms, which has been widely used in previous studies [1] . The CES-D has a Cronbach's alpha value of 0.95. Independent variables included PM 2.5 concentrations and social capital indicators. Following existing studies ,the average annual PM 2.5 concentrations of each prefecture were used to measure the severity of air pollution in cities in 2015 [11, 12] .
Based on the indicators used in previous studies, three main social capital indicators (i.e social trust, social reciprocity, and social group membership) were included [28] . These three social capital indicators were measured based on variables included in the questionnaire (Part six: Social participation and support) that was collected in CLDS 2016. The question 'Would you say most people can be trusted?' was used to measure respondents' perceptions of social trust. The response 'Neighbours are extremely/very trustworthy' was defined as high social trust. The question 'Would you say most of the time people try to be helpful?' was used to assess respondents' perceptions of social reciprocity. The response 'Neighbours always/often help each other' was defined as high social reciprocity. Lastly, respondents were asked about membership in a various kind of voluntary groups. Following existing studies, the percentage of respondents being high trust and high reciprocity within each neighbourhood were calculated and defined as aggregated neighbourhood social trust and aggregated neighbourhood social reciprocity [22] . Furthermore, the average number of types of voluntary groups within each neighbourhood was calculated and defined as aggregated neighbourhood social group membership.
Statistical Analyses
We examined the effects of cities' PM 2.5 concentrations on respondents' depressive symptoms in China while we also tested whether neighbourhood social capital moderated the effect of PM 2.5 concentrations on respondents' depressive symptom, using three-level linear regression analyses. Due to the hierarchical structure of this data set, multilevel models were suitable for this research.
We applied hierarchical liner regression analyses to estimate the effect of PM 2.5 concentrations on depressive symptoms and the moderating effect of neighbourhood social capital. Models presented here are as follows: a baseline model estimating the effect of controlled variables on depressive symptoms (Model 1), a model estimating the effect of neighbourhood social capital on depressive symptoms (Model 2), a model estimating the effect of PM 2.5 concentrations on depressive symptoms (Model 3), and a model adding cross-level interaction variables into Model 3 while following the multilevel analysis research (Model 4) [43] . All continuous variables were centred on the grand mean in interaction part. The statistical models were of the following form and the mean value of the variance inflation factor (VIF) was less than 3: Table 2 shows the results of the multilevel linear models on respondents' depressive symptoms. Figure 3a shows that respondents living in cities with higher concentrations of PM 2.5 with higher neighbourhood social trust had lower CES-D scores than respondents living in cities with higher concentrations of PM 2.5 with lower neighbourhood social trust. With the rise of neighbourhood social trust, its moderating effect was strengthened. Figure 3b shows that respondents living in cities with higher concentrations of PM 2.5 with higher neighbourhood social reciprocity had lower CES-D scores than did respondents living in cities with higher concentrations of PM 2.5 with lower neighbourhood social reciprocity. With the rise of neighbourhood social reciprocity, its moderating effect was strengthened. Figure 3a shows that respondents living in cities with higher concentrations of PM2.5 with higher neighbourhood social trust had lower CES-D scores than respondents living in cities with higher concentrations of PM2.5 with lower neighbourhood social trust. With the rise of neighbourhood social trust, its moderating effect was strengthened. Figure 3b shows that respondents living in cities with higher concentrations of PM2.5 with higher neighbourhood social reciprocity had lower CES-D scores than did respondents living in cities with higher concentrations of PM2.5 with lower neighbourhood social reciprocity. With the rise of neighbourhood social reciprocity, its moderating effect was strengthened. Figure 3c shows that respondents living in cities with higher concentrations of PM 2.5 with higher neighbourhood social group membership had lower CES-D scores than respondents living in cities with higher concentrations of PM 2.5 with lower neighbourhood social group membership. With the rise of neighbourhood social group membership, its moderating effect was strengthened; however, the moderating effect of the difference of median (MQ = 50%) and higher quartile (HQ = 75%) of neighbourhood social group membership is not obvious.
Results
Discussion
In the present study, we investigated the relationship between PM 2.5 concentrations and depressive symptoms in China. First, as has been demonstrated in previous studies respondents' depressive symptoms increased with cities' PM 2.5 concentrations [11, 13, 14, 16] . Such a finding may be due to the following reasons: (1) air pollution may increase the risk of cardiovascular diseases, and cardiovascular diseases are closely related to depressive symptoms [17, 44] ; therefore, residents living in cities with more air pollution are more likely experience both cardiovascular diseases and depressive symptoms, thus continuing a vicious circle. (2) Air pollution may also decrease the frequency of residents' outdoor physical activities, and outdoor physical activities are associated with depressive symptoms [38, 39, 45, 46] .
In addition, previous studies we found that neighbourhood social capital was beneficial to residents' health [1, 28, 30, 47] . Social capital can increase access to local services and amenities [28] and provide useful support for residents [28] . Rapid urbanization in China has eroded residents' connection with friends and relatives [48] . Therefore, neighbourhood social capital has become essential to residents' health in China. For this reason, neighbourhood social capital benefits residents' mental health in China.
Most importantly, the statistical significance of the interaction effect indicates that neighbourhood social capital can weaken the negative impact of PM 2.5 concentrations on depressive symptoms. In other words, neighbourhood social capital exerts a protective effect on the relationship between depressive symptoms and PM 2.5 concentrations. There are several explanations for the protective effect. First, as for neighbourhood social trust, previous studies have noted that health knowledge spreads faster in high-social-trust neighbourhoods (vs. low) since people are more likely to share health knowledge with others and accept others' advice [28, 30, 49, 50] . Therefore, residents experiencing depressive symptoms caused by PM 2.5 may acquire useful health knowledge about cardiovascular, nervous, and digestive system disease prevention more easily and can learn how to cope with stressor from lack of sunlight in a high-social-trust neighbourhood. Second, social interactions are more frequent in high-social-trust neighbourhoods, since their residents are more likely to be in contact with those whom they trust [28, 30, 49, 50] . Thus, although PM 2.5 concentrations may lead to a decrease in face-to-face social contact among neighbours' , residents living in high-social-trust neighbourhoods maintain connections with their neighbours through indoor activities (for example, playing card games or Mah-jong). As a result, the negative effect of PM 2.5 may be weakened by neighbourhood social trust.
In addition, as for neighbourhood social reciprocity, residents can not only obtain emotional support but also can receive material support from neighbours in a high-social-reciprocity neighbourhood [28, 30, [51] [52] [53] . Therefore, residents experiencing depressive symptoms caused by PM 2.5 may garner emotional comfort by talking to their neighbours about their mood or also acquire useful health knowledge of cardiovascular, nervous and digestive system disease prevention and know how to cope with stressor from lack of sunlight. All this will make residents feel less depressed even while still experiencing PM 2.5 .
Furthermore, as for neighbourhood social group membership, living in a high-social-groupmembership neighbourhood, residents are more willing to participate in group activities [28, 29] . Although PM 2.5 may decrease residents' willingness to have physical activities outdoor, living in high-social-group-membership neighbourhood may increase their willingness to have both outdoor and indoor physical activities. Social interactions among group members are more frequent than that among non-group members [28, 29] . Even with fewer daily interactions, group members can maintain their interactions by attending routine group activities. In a word, the negative effect of PM 2.5 is weakened by neighbourhood social group membership.
Lastly, this study also revealed that the protective effect of neighbourhood group membership is relatively weaker than the other two neighbourhood social capital effects, and this may be because this research used the average number of types of voluntary groups within each neighbourhood to measure neighbourhood group membership. However, we failed to measure the strength of the social ties within each group, which means one may be a part of several social groups but fail to garner strong ties in each respective group [28] .
From a policy perspective, to decrease depressive symptoms, the government should pay attention to the following three aspects. First, more trees and grass should be planted in cities to increase green space. Green space can benefit residents' health and reduce air pollution [54, 55] . In addition, more public medical insurance and subsidies should be provided to low-income residents to weaken the negative effect of environmental hazards on poor residents' health. Finally, neighbourhood social capital should be promoted. Existing studies have found that neighbourhood social capital can be improved by promoting residents' educational attainment; therefore, more funding should be provided to improve national education [56] [57] [58] .
Despite this study's advantages, some limitations should be noted. First, due to the cross-sectional nature of the data, we were unable to capture time-fixed effects and only calculated average PM 2.5 concentrations in 2015. Second, we used only PM 2.5 concentrations as an indicator of air pollution; previous studies have used other air pollution indicators related to ozone, nitrogen dioxide, and sulphur dioxide [11, 12] . Lastly, we measured the concentration of PM 2.5 at the city level; future research should utilize air quality index at a finer geographical level.
Conclusions
This study confirms that neighbourhood social capital plays a protective role in the relationship between depressive symptoms and PM 2.5 concentrations in China. PM 2.5 concentrations may increase respondents' depressive symptoms, while neighbourhood social capital may decrease respondents' depressive symptoms. Most importantly, neighbourhood social capital weakens the negative influences of PM 2.5 concentrations on respondents' depressive symptoms. However, the mechanism through which air pollution negatively impacts residents' mental health is still unclear in developing countries. Therefore, further studies are warranted.
